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The process of forming the cohesive strength of PCM is associated with a decrease in its volume. If there is no mechanical impact on
the material, then this process is called shrinkage. Shrinkage occurs during cooling, when the solvent evaporates and during
structuring. The free shrinkage of the PCM is hindered by its adhesive bond with the surface of the product, which is filled with a
polymer compound, as a result of which more or less shrinkage stresses develop in the PCM over time. In addition to the latter in the
PCM there are thermal internal stresses. Their occurrence is due to the combination of different materials in PCM, which differ
significantly in the coefficients of thermal expansion. An effective way to reduce internal stresses is to add to the composition of
PCM various fillers and plasticizers, what improves the relaxation properties of PCM. The aim of this work was to study the
influence of different methods of structuring (polymerization), i.e. by convection and in the field of high frequency currents of epoxy,
acrylic and epoxyacrylic PCM. The study of the emerging internal stresses, both shrinkage and temperature, was performed by the
method of digital strain gauge, which allows not only to record the final level of residual stresses, but to monitor it in the process of
structuring. The studies have shown that a more effective method of structuring is the process of structuring in the field of high-
frequency current, which reduces residual stresses, increases the modulus of elasticity and forcing temperature of the studied
compounds, what increases the strength and performance properties of PCM, and significantly reduces structuring time, providing
uniform heating over the whole volume of PCM. It is recommended to use the obtained data in various industries related to the
process of gluing and sealing both homogeneous and heterogeneous materials, as well as PCM products
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Residual stresses arising in a polymer composite material (PCM) at curing (structuring), and the relaxation
processes, occurring at the same time, affect the strength of PCM and often determine time variation in their operational
and technological properties. The reasons for the residual stresses occurrence are: presence of temperature gradients,
difference in the coefficients of thermal linear expansion of PCM components, manifestation of shrinkage, occurrence
of microcracks, method and mode of curing, and some other factors [1-3].

The magnitude of the residual stresses and the rate of their development depend on the nature of the binder, and
fillers, plasticizers and other components contained in it.

Besides, the temperature-time method of structuring or polymerization of PCM is extremely important for the
residual stresses occurrence [4-5].

The occurrence of the residual stresses is caused by the incompleteness of relaxation processes in the PCM.
Therefore, the problem of the occurrence and reduction of residual stresses is of great practical importance.

The purpose of this work is to study the level of the residual stresses in epoxy, acrylic and epoxy-acrylic
compositions with different structuring methods applied: by convection heating and structuring in the field of high-
frequency currents.

TEST METHODS

To prepare PCM the following materials were used: Epoxy oligomer of ED-20 grade, GOST 10587, dibutyl ester
of phthalic acid (DBP) GOST 8728 was used as a plasticizer. Oligoester acrylate MGP-9 (Specification 6-01-450) was
used as a modifying agent. Distilled polyethylene polyamine (PEPA) (Specification 6-02-594) was used as a curing
agent. The content of the curing agent in the PCM made 10-15% of the oligomer weight. The low-level amine curing
agent dicyanoethyldiethylenetriamine UP-0633 (Specification 6-05-1803) was used as a diluter.

AST-T plastic (Specification 64-2-226) was used as a binder for the acrylic composite materials. The curing time
of the AST-T plastic at the temperature of 20 + 0.5 °C ranges from 60 to 90 minutes.

Molybdenum disulfide (Specification 48-19-133), aluminum oxide (Interregional Specification 6-092046), and
talc (Specification 2-036707) were used as dispersed fillers.

The content of the compositions investigated are shown in Table 1.

In the course of investigation, a comparative assessment of two methods of structuring (polymerization) — by
convection, i.e. heating the compositions under study in the oven, and by curing these compositions in the field of high-
frequency currents (HFC) was carried out. For this purpose, a high-frequency device HFD 2-2.5/81 was used, whose
basic technical characteristics are given in Table 2.
© H.M. Cherkashina, V.L. Avramenko, O.H. Karandashov, 2020
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Table 1.
Content of the compositions under study
Component Amount, weight %
Composition

1 2 3 4 5 6 7 8 9 10 11 12
ED-20 100 100 100 100 100 100 100 100 100 100 100 100
PEPA 10 10 10 10 10 10 10 10 10 10 10
Dibutylphthalat 10 10 10 10 10 10 10
UP-0633 30 20
MGP-9 20 20 20 20
AST-T
CE-6
MoS, 20 20
Talc 25 25
ALO; 30 30

Table 2.
Technical characteristics of the HFD 2-2.5/81 unit

Parameter name Norm
Oscillatory power, kW 2.5+0.25
Operating frequency, MHz 81.36+0.8136
Rated supply voltage, V 380/220
Weight of the heated material, kg 0.25+0.6
Anode current, A 0.7+0.3
Grid current, A 0.2+0.3
Generating lamp filament voltage, V 6.0+£0.3
Anode voltage, kV 5.0+0.25

Standard samples were made of the compositions under study by free pouring into open metal molds.

Combining all the components, included into the composition, was carried out in polyethylene containers, with
pre-dosing them by weight or volumetric method. In case the samples were made on the bases of an epoxy oligomer,
the polymer mass, which before its pouring was thoroughly stirred and evacuated for 10-15 minutes to remove air
bubbles, then was poured into metal molds, pre-treated with an anti-adhesive composition (10% solution of HSR rubber
in toluene). When pouring samples made of acrylic and mixed compositions, the combined components, polymer and
monomer, were previously brought to swelling for 10-20 minutes to the state of the required viscosity, after which they
were poured into the molds treated with the above-mentioned separable composition.

The PCM samples, based on epoxydiane oligomer, were structured by convection in an oven at 100 °C for 2
hours; the samples, based on acrylic oligomer, were cured at room temperature (20 + 2) °C for 60-90 minutes.

When the PCM samples, based on an epoxy oligomer and acrylic polymer were cured in the field of HFC, they
were cured in the optimal mode calculated according to a standard computer program.

RESEARCH METHODS

The physical and mechanical properties of epoxy and acrylic PCM specimens were determined by standard and
laboratory methods, which are described in [6].

To measure stresses, the wire strain gauge method was used [7-9]. This method was used both to determine the
residual stresses at various points of the compound and to measure the contact pressure.

To measure the contact pressure, a thin-walled metal cylinder was used, on whose inner surface wire strain gauges
were bonded to measure axial and circumferential deformations, what allowed to control the uniformity of shrinkage
deformations in the compounds. The cylinder with the bonded strain gauges was put into the mold. Then the model of
the tested compounds was molded so that it formed a uniform layer of a given thickness around the cylinder and did not
get inside the cylinder. In the course of curing the compound in the curing chamber, some residual stresses in the
samples occur, which deform the cylinder. The cylinder deformation and, hence, the forces that caused it were
determined by the magnitude of the change in the resistance of the strain gauges.

In the tested mold the metal cylinder relative deformation, caused by contact pressure, was determined by the
formula for calculating the deformation of a thin-walled cylinder loaded with a uniformly distributed external load:

E= Lr -(l—ﬁj ,
E-A r

where: ¢ - relative circumferential deformation of the cylinder;




129
Investigation of the Effect of Structuring Methods on the Change in Residul Stresses... EEJP. 4 (2020)

P - contact pressure of the compound, N/m?;

Eelast - modulus of elasticity of the cylinder material, N/m?;
A - cylinder wall thickness, mm;

r - cylinder mean radius, mm,;

1 - Poisson's ratio.

To measure the contact pressure, the wire strain gauges of the FCL-15-200 type on a film base with the nominal
grid resistance of 200 Ohm and the base of 15 mm, and the recommended AC bridge circuit with an electronic amplifier
were used.

After the cylinder with the bonded strain gauges was prepared, it was installed into the mold with pre-lubricated
lower end of the cylinder with a sealant to prevent compound leakage, and the mold was filled with PCM.

The contact pressure was calculated using the formula:

P=647AR

AR = (Dz—D[)

where D» is the pressure of the unloaded cylinder;

D, - pressure of the loaded cylinder filled with compound;
6.47 - the coefficient for the cylinder.

The same method was used to determine the residual stresses in the compounds in the process of structuring

(polymerization) in the HFC generator.

EXPERIMENTAL RESULTS AND THEIR DISCUSSION

The residual stresses, arising in a polymer material at curing, and the relaxation processes, which occur in this
case, affect the PCM strength and so often determine the time variation of their operational properties. The reasons for
the occurrence of residual stresses are: presence of temperature gradients, the difference in the coefficients of thermal
expansion of PCM components, manifestation of shrinkage, occurrence of microcracks, method and mode of curing,
and others [10-13].

The magnitude of the residual stresses and the rate of their development depend on the nature of the binder, on the
fillers, plasticizers and other components introduced into it. Besides, the temperature-time regime of structuring or
polymerization of PCMs is extremely important for the occurrence of the residual stresses [14-17]. The occurrence of
residual stresses is caused by the incompleteness of relaxation processes in the PCM. Therefore, the problem of the
occurrence and reduction of the residual stresses is of great practical importance [18-23].

The residual stresses in PCMs, cured in the field of high frequency current and by the method of convection
heating, were investigated. The nature of structural transformations and the degree of the relaxation processes
completion are significantly influenced by the method of curing. Thus, the use of HFC for the formation of PCM
products allows to carry out uniform curing over the thickness of the material and to obtain PCM with a homogeneous
ordered structure.

Figures 1, 2 present the kinetics of the residual stresses formation in the process of convection curing with a
smooth rise in temperature for 2 hours, in the field of high frequency current — for 180 seconds.

e ED-20+PEPA —fi—ED-20+PEPA+DBP
== ED-20+UP-0633 === ED-20+PEPA+IMGP-9
P, MPa =fe= AST-T ——CE-6

20

-15

Figure 1. Kinetics of the residual stresses formation in the process of curing by the convection method

When the cured compound is heated, two competing processes occur: a decrease in the system viscosity, which
causes a decrease in the residual stresses, and the cross-linking process. The residual stresses will decrease to the point
of gel, after which the cross-linking process, which causes a uniform increase in the residual stresses, begins to prevail.
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As the figures show, the gel point of epoxy compounds, cured by the convection method, occurs in the temperature
range from 60 °C to 90 °C, subject to the compound composition. When the compounds are cured with a highly active
curing agent PEPA, gelation occurs at a lower temperature, than when they are cured with a low-active curing agent
UP-06331In the presence of the incompatible DBP plasticizer, the gelation process starts at the temperature 10 °C higher,
than with the unplasticized compound. The residual stresses, after completion of the curing process for compounds
cured in the HFC field, is 11-10 MPa lower than for those, cured by the convection method. With participation of the
MGP-9 modifier, the temperature range of gelation is 42-31% narrower than that for the unplasticized compound, and is
shifted towards lower temperatures by 18 °C. The gelation process in the compounds cured with UP-0633 starts, as it
has been expected, at the highest temperature.

—e—ED 20+PEPA —B—:D 20+PEPA+DBP
e )-20+UP-0633 == D-24PEPA+MGP-Y
P, MPa i AST-T —o—CE-6

10

Figure 2. Kinetics of the residual stresses formation in the process of curing in the field of high frequency current

The considered results show that almost all the compounds, based on oligomer of ED-20 grade, were cured under
the optimum temperature conditions, which were close to T,. The exception makes the compound with MGP-9, whose
curing temperature and T, are somewhat different, what is undesirable. In the course of curing in HFC, the gelation
point for all the compounds occurs at lower temperatures, although the process itself proceeds in approximately the
same temperature range as for the compounds cured by the convection method, but is shifted towards temperatures
lower by 20-25 °C. This fact can be attributed to a more uniform distribution of the temperature field at PCM curing in
the high frequency current. The residual stresses after the curing process completion, as can be seen from Table 3, for
all the compounds without exception, cured in HFC field, are significantly lower than for those, cured by the convection
method.

Table 3.
Characteristics of the epoxy compounds residual stresses change in the process of curing
Compound composition Ginit, Onmin, Omaxs Aoci- A o= Gelation | Gelation
MPa MPA MPa Zinit-Omin, | Zmax-Omin, | temperat | completion
MPa MPa ure, °C temperature,
°C

ED-20+PEPA 2.0/1.0 | -3.8/-4.0 5.8/6.0 | 5.8/6.0 9.6/10.0 | 45/45 70/53
ED-20+ PEPA +Mo,S 1.1/1.0 | -3.2/-2.6 6.1/6.2 | 43/3.6 9.3/8.8 45/43 72/48
ED-20+ PEPA +talc 1.1/1.3 | -3.5/-3.3 7.2/4.8 | 4.3/3.6 10.7/8.1 45/50 63/50
ED-20+ PEPA + Al,O3 0.8/1.1 | -4.8/-1.5 4.8/34 | 5.6/2.6 9.6/4.9 45/43 63/53
ED-20+ PEPA+DBP 2.5/09 | -4.8/-3.9 12.1/6. | 7.0/4.8 14.6/10.0 | 50/43 65/55

1
ED-20+ PEPA +DBP+ | 2.8/0.5 | -4.5/-5.0 9.9/5.3 | 7.4/5.5 14.5/10.3 | 55/46 70/54
Mo,S
ED-20+PEPA+DBP +talc 1.3/1.0 | -5.1/-1.3 11.5/3. | 6.4/2.3 16.6/4.8 55/42 65/52

5
ED-20+PEPA+DBP+ Al,O; | 1.4/0.9 | -3.4/-3.3 8.1/2.5 | 4.8/4.2 11.5/5.8 60/43 70/43
ED-20+PEPA-+MGP-9 0.5/0.9 | -6.3/-8.0 9.2/59 | 6.8/8.9 15.2/13.9 | 50/42 78/55
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Compound composition Ginit, Gmins Omax» A o= A o= Gelation | Gelation
MPa MPA MPa Zinit-Omin, | Zmax-Omin, | temperat | completion
MPa MPa ure, °C temperature,
°C
ED-20+ PEPA + MGP- | 1.0/0.8 | -6.2/-6.1 7.8/6.8 | 7.2/6.9 14.0/12.8 | 45/42 68/65
9+MOQS
ED-20+ PEPA + MGP-| 1.3/1.1 | -4.9/-3.9 11.2/5. | 6.2/4.0 16.1/9.5 53/45 79/75
9+talc 6
ED-20+ PEPA + MGP-9+ | 1.8/1.0 | -3.8/-3.8 6.0/4.6 | 5.6/4.8 9.8/8.4 70/45 85/60
ALO;
ED-20+UP-0633 1.2/1.2 | -9.3/-10.0 6.5/43 | 10.5/11.2 | 15.8/14.3 | 51/40 72/65
ED-20+UP-0633+Mo,S 1.3/1.0 | -11.0/-6.3 5.6/2.9 | 12.3/7.2 15.6/9.2 | 48/45 63/63
ED-20+UP-0633+talc 1.1/1.1 | -12.2/-10.5 | 7.1/9.0 | 13.3/11.6 | 19.3/16.5 | 68/49 65/70
ED-20+UP-0633+A1,05 1.2/0.8 | -5.5/-7.0 4224 |6.7/7.8 9.7/9.4 59/52 85/70

For acrylic compositions (Figure 1, 2), cured both by the convection method and in the field of HFC, a slightly
different nature of the residual stresses formation in the process of curing is observed. The residual stresses transition to
the negative region for AST-T and CE-6 is 0.5 MPA and 0.6 MPA at convection heating, and 1.0 MPa and 1.9 MPa in
the HFC field, respectively. For epoxy polymers, the residual stresses range from 5.5 MPa to 9.2 MPa. This indicates,
that the segmental mobility of the acrylic polymers is limited as compared to the epoxy PCMs. This fact is confirmed by
the dynamic mechanical characteristics, from which it can be seen, that the value of the modulus G" in the glassy state is
1.11-1.61% higher, than that of epoxy compounds, cured by PEPA. The glass transition temperature difference is 25 °C.
The residual stresses of epoxyacrylic composition CE-6, cured by the convection method, are higher than those of
epoxy PCMs, and when cured in high-frequency current, the residual stresses decrease and make 2.2 MPa. Thus, the
residual stresses magnitude depends on the rate of relaxation processes, which, in turn, is determined by the degree of
curing and the polymer structure, the presence and nature of the plasticizer, and the conditions for the formation of a
three-dimensional polymer lattice.

Subsequently, the following fillers were introduced into the investigated binders: aluminum oxide, molybdenum
disulfide, and talc. In the filled PCMs, the value of the residual stresses depends on the size and concentration of the
filler particles, on the differences in the physical properties of the polymer and filler, and on their interaction. The role
of relaxation phenomena in the presence of the fillers, which affect the strength of PCM and often determine the time
variations in their performance properties, should be especially emphasized. This is caused by the fact, that the residual
stresses are formed in PCM due to the shrinkage of the polymer during its structuring, and due to the external impacts.

As Table 3 shows, the fillers have an ambiguous effect on the residual stresses in the epoxy compounds with
PEPA, cured by the convection method. In PCM with aluminum oxide they decrease by 15%, while in PCM with talc,
on the contrary, they grow to 23%. The fillers did not significantly affect the nature of the kinetics of the curing process.
When the compounds were cured in HFC, the fillers had a more significant effect on the relaxation processes during
crosslinking, as well as in the cured state. This especially becomes apparent, when aluminum oxide is used in the
compounds, in which the residual stresses decreased by 45%. The width of the a-relaxation transition became 18%
narrower, although the temperature of the gelation point remained unchanged. When the compound was cured in HFC,
in contrast to the convection method, Talc also had a positive effect on the value of the residual stresses, although less
noticeable than that of aluminum oxide. In general, the value of the residual stresses in the solid-state compounds, cured
in the field of high-frequency current, is 50-60% lower, than that at the convection method of curing. The area of
gelation shifted towards the temperatures lower by 20-25 °C.

In general, all the compounds, cured with PEPA in the presence of DBP, both with fillers and without them, when
using the convection method of curing, have higher residual stresses, than the same compounds without a plasticizer.
When considering the effect of the filler, it can be seen, that in PCMs the aluminum oxide has a significant positive
effect on the nature of the formation and the magnitude of residual stresses; the residual stresses have decreased by
30%. Other fillers reduced the residual stresses, but less significantly, namely, molybdenum disulfide by 25%, and talc
by 15%.

For compounds with MGP-9, as well as for those with DBP, the aluminum oxide had the maximum effect on the
value of residual stresses. The residual stresses decreased by 11%, and Ao for the compounds, cured by the convection
method, made 9.8 MPa, and for those, cured in HFC, it was 8.4 MPa, what testified to a high degree of the compound
homogenization. Talc had the effect on the residual stresses formation process itself. This process proceeds in a
narrower temperature range, although the residual stresses slightly increased as compared to the process with the
unfilled composition, but the character of the curve slope indicates, that in the process of further structuring their value
decreased, what was confirmed by further investigations.

In the course of structuring in the HFC field, the residual stresses in compounds 1 and 3 are close in value, and the
width of the gelation region is narrower for the compounds with fillers, what confirms positive contribution of the fillers
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in the process of structuring. After the gelation process completion, the filled compounds, cured with UP-0633 by the
convection method, have residual stresses at approximately the same level as the compounds, cured with PEPA
containing DBP and MGP-9. For all the compounds, structured in the field of high frequency current, the value of
residual stresses is 40-50% lower. When the convection structuring method is used, the inhibitory effect of the fillers on
the curing process and on the formation of a three-dimensional structure is observed. In HFC field this influence is
ignored. It should be noted, that aluminum oxide behaves similarly both at the convection heating and when exposed to
HFC field. Molybdenum disulfide and talc do not change their effect. All mentioned above is illustrated by diagrams

(Figure 3-6).

P, MPa
15

=—4—ED-204PEPA+DBP - Conv —fi— ED-20+PEPA+DBP+AI203 - Conv

= ED-20+PEPA+DBP+AI203 - HFC

—— ED-20+PEPA+DBP - HFC

10

[

Figure 3. The effect of the filler on the kinetics of residual stresses formation in the process of structuring
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Figure 4. The effect of the filler on the kinetics of residual stresses formation in the process of structuring
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Figure 5. The effect of the filler on the kinetics of residual stresses formation in the process of structuring
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Figure 6. The effect of the filler on the kinetics of residual stresses formation in the process of structuring

For CE-6 compound, cured by the convection method and in HFC field, the best of the tested fillers is aluminum
oxide, which reduces the residual stresses by 43% and 51%, respectively (Fig.6)

Thus, it is shown that HFC has a positive effect on the curing process and on the formation of residual stresses,
both in unfilled and filled compounds. As a result, the performance properties of PCM, structured in the field of HFC,
are characterized by a higher level and higher stability as compared to the properties of PCM, cured by the convection
method [24-25].

CONCLUSIONS

1. A complex of researches on the effect of methods for structuring (polymerization) of epoxy, acrylic and
epoxyacrylic PCMs on the value of residual stresses, occurring in PCM during structuring by two different methods, i.e.
convection heating and structuring in the field of high-frequency current, was carried out.

2. It is shown, that structuring in the field of high-frequency current can significantly reduce the level of residual
stresses, what has a positive effect on the strength properties of the material and the degree of curing.

3. It has been established, that the HFC electric field has the same effect on the properties of the compounds under
study, irrespective of the polymer chemical nature, what is, apparently, due to the distribution of the electron density of
epoxy and acrylic polymers.

4. The nature of the relaxation processes in PCM, which are structured in the field of HFC, has been studied. An
increase in the dynamic modulus of elasticity and glass transition temperature for a number of PCMs, as compared to
the PCMs structured by the convection method, has been determinedThe increase in the dynamic modulus of elasticity
and glass transition temperature is associated with an increase in the frequency of the spatial lattice and, as a
consequence, an increase of the intermolecular interactionln this case, the level of the residual stresses in PCM,
structured in the HFC field, is lower as compared to the convection method, what allows to recommend this method for
formation of sealing and adhesive joints, due to the achievement of a stable complex of strength, plasticity, and
performance properties.
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JOC/NAKEHHS BIVIMBY CITIOCOBIB CTPYKTYPYBAHHS HA 3MIHY 3AJIMIIKOBUX HAIIPYT
B HOJIMEPHUX KOMIIO3UIIMHUX MATEPIAJIAX
.M. Yepkammuna, B.JI. ABpamenko, O.I'. Kapanapamos
Hayionanvnuii mexuiunuil ynisepcumem « XapxiecoKuil NOLIMexXHIYHULL IHCIMUmymy»
eyn. Kupnuuosa, 2, 61002, Xapkis, Yxpaina

Iponec popmyBanns xoremiiHoi MirtHocTi IIKM moB’si3anuii 31 3MeHIIEHHSM Horo 00’ eMy. SIKIIO pu bOMY BiICYTHI MeXaHIYHMI
BIUTUB Ha Marepiajl, TO TaKUi IpoIec Ha3UBAIOTh YCAAKOI0. YcaaKa Ma€e MiCIle IPH OXOJIO/KEHI, TIPH BUIIapOBYBAaHHI PO3YMHHMKA 1 B
mporieci CTpykTypyBanHs. Bimpriii ycaaui [TKM nepernikomkae Horo aare3iifHuil 38°s130K 3 TMOBEPXHEIO BUPOOY, IO 3aTUBAETHCS
MOJTIMEPHUM KOMITayH/IoM, B pe3yibrati yoro B [IKM 3 wacom po3BuBaeThCst Oinbin abo MeHII ycankoBi HampyxeHHs. Kpim
octannix, B [TIKM MaioTh Miclie TepMiuHi BHYTpilIHI HAMpyTH. [X BUHNKHEHHS 06yMOBIEHO MOEIHAHHAM Pi3HUX MaTepianis B TTKM,
SIKi 3HAYHO BiJPI3HSIOThCSA KoedillieHTaMu TepMiuHOro posimuperHs. EQexTuBHIM 3ac000M [Uisi 3HIKCHHS BHYTPILIHIX HAMpPYT €
nomaBaHHs 70 ckiany [IKM pi3HHX HamoBHIOBadiB 1 IacTH(iKaTOpiB, IO MOKpamlye penakcamiidHi BuactuBocTi [IKM. Metoro
nIaHol poOoTH OyIlo AOCIHiIKEHHS BIUIMBY Pi3HHX METOHIB CTPYKTYypyBaHHs (TIONiMepu3alii) — KOHBEKIIHHOTO 1 B TONI CTPYMiB
BHCOKOI YacTOTH ENOKCHJHHX, aKpWwiIoBHX Ta emnokciakpuiaoBux ITKM. JlocmipkeHHS BHHHKAIOUMX BHYTPINIHIX HAmpyr, SK
yCaJI0YHUX, TaK 1 TEMIIepaTypHUX IIPOBOAWIN METOIOM IHU(PPOBOI TEH30METPIi, sIKa JO3BOJISIE HEe TUTBKHU (DIKCYBaTH KiHI[EBHIl piBEeHb
3aJIMIIKOBUX HAIIPYT, aJe MiJCTiPKYBaTh HOro B MPOIECi CTPYKTYpyBaHHs. [IpoBeIeHUMH TOCIIIKEHHSIMH BCTAHOBIICHO, 110 O1TBIIT
e(eKTHBHUM METOJIOM CTPYKTYPYBaHHS € IPOIEC CTPYKTYPYBaHHS B IOJIi CTPYMY BHCOKOI YaCTOTH, SIKMH CIIPHSE 3HWKEHHIO PiBHS
32JIMLIKOBUX HAINpYT, MiJBUIICHHIO MOJYJIO IPYXKHOCTI 1 TEMIIEpaTypH CHIIyBaHHS JAOCIHIJDKCHHX KOMIIAyH[iB, LIO CIIpUs€e
ITIIBUILEHHIO KOMIUIEKCY MIIIHOCHHMX Ta eKCIUTyaTauiiiHux BiactuBoctedd ITIKM, a Takok 3Ha4HO CKOpOYY€E 4ac CTPYKTYpyBaHHS,
3a0e3mneuyoun piBHOMIpHHI HArpiB mo BckoMy 00’emy ITKM. OTpumMaHi gaHi peKOMEHIOBAaHO BUKOPHCTOBYBATH B PI3HHUX Taly3sX,
SIKi TIOB’s13aHi 3 MPOIIECOM CKJICIOBAHHS Ta T€PMETH3allii, IK OHOPITHHX, TaK 1 Pi3HOPIAHUX MaTepiatiB, a Takox BUpoOiB 3 [IKM.
KJIIOUOBI CJIOBA: BHyTpilIHE HalpyXeHHS, YCalka, CTPYKTYpyBaHHS, IIOJi€ CTPyMiB BHCOKOI YacTOTH, IOJTIMEpHHI
KOMITO3UIIHHAI MaTepiai

HUCCIEJOBAHUE BJIUSIHUS CIIOCOBOB CTPYKTYPUPOBAHUSI HA UBSMEHEHUE OCTATOYHBIX
HATIPSIKEHAM B HOJUMEPHBIX KOMITO3UILIMOHHBIX MATEPHAJIAX
A.H. Yepkammuna, B.JI. ABpamenko, O.I'. Kapanaamos
Hayuonanvhwiii mexnuueckutl ynusepcumem «XapbKoScKull NOAUMeXHUHecKutl UHCIumymy
Va. Kupnuuosa, 2, 61002, Xapvkos, Ykpauna
Iponecc dopmupoBannst koresmoHHoi npounHoctn [IKM cBs3an ¢ ymeHbIIeHMEM ero o0bema. Ecim mpu 3TOM OTCYTCTBYIOT
MeXaHMYEeCKOoe BO3IEHCTBHE Ha MaTepuall, TO TaKoil IpoIiecC Ha3bIBAIOT yCaJKOH. YcaJka MMEET MECTO IPH OXJIXIECHHH, HPU
HCTIApEeHUH PAaCTBOPUTENS W B mporecce cTpykrypupoBanus. CBobomaunol ycanake ITKM mpensrcTByeT ero aare3MoHHasi CBSI3b C
TIOBEPXHOCTBIO M3/IENUsl, KOTOpasl 3aJMBaeTCs MOJIMMEPHBIM KOMIIayH/IoM, B pesyibrare dyero B [IKM co BpemeHeM pa3BuBaeTcs
Oosee WM MeHee ycanouHble HanpspkeHus. Kpome nocnennux, B [IKM umeror Mecto TepMu4eckue BHYTpEHHUE HanpshkeHus. Vx
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BO3HHKHOBEHHE 00YCIIOBJICHO COYETAaHUEM DPa3M4YHbIX MaTepuanoB B [IKM, KOTOpble 3HAYNUTENBHO OTINYAIOTCS KO3DOUIMEHTaMU
TEPMHYECKOro paciuupeHus. DPQEKTUBHBIM CPEACTBOM JUIS CHW)KCHHS BHYTPCHHUX HANpPSHKCHUH SABISETCS NOOAaBIEHUE B COCTAB
[IKM pa3nuyHbIX HaNONHUTENEH W IIAacTU(UKATOPOB, YTO yIydlIaeT peiakcaiuoHHble cBoiicTBa [IKM. Llensio nanHol paGoTHI
OBIJIO MCCIEAOBAHHE BIMSHHS PA3IMIHBIX METONOB CTPYKTYpPHPOBAHHSA (IONMMEPU3AlNH) - KOHBEKIMOHHOTO M B MOJE TOKOB
BBICOKON YacTOTHI 3MOKCUAHBIX, aKpUIOBBIX M enokcuakpuiaoBux IIKM. MccnenoBanue BO3HUKAIONUX BHYTPEHHUX HAIPSKEHHH,
KaK yCaJIOYHBIX, TAK M TEMIEPATYPHBIX IPOBOMIN METOJIOM IU(PPOBOIT TEH30METPHH, KOTOPasi II03BOJISICT HE TOJIBKO (PHKCHPOBATH
KOHEUHbIl ypOBeHb OCTaTOYHBIX HANpPsKEHUI, HO OTCIEXKHBAaTh €ro B IIpoLEcce CTPyKTypupoBaHusA. IIpoBeneHHbIMU
HCCIICOBAHUSIMY YCTaHOBJICHO, 4TO Oojee d(PEeKTHBHBIM METOJOM CTPYKTYPHPOBAHUS SIBISETCS MPOLECC CTPYKTYPUPOBAaHHS B
noste TBY, xoTopEIii CIOCOOCTBYET CHMKEHHIO YPOBHSI OCTATOUHBIX HAIIPSDKEHMH, MOBBIICHUIO MOYJIS YIIPYTOCTH ¥ TEMIIepaTyphl
MIPUHYKAEHUS HCCIEJOBAaHHBIX KOMIAYHJOB, YTO CIOCOOCTBYET MOBBIIIEHHIO KOMIUIEKCA NPOYHOCTHBIX M 3KCIUTyaTallMOHHBIX
coiicTB [IKM, a Takxke 3HAYUTEIFHO COKpAIAEeT BpeMs CTPYKTYPUPOBaHMs, o0ecrieurBasi paBHOMEPHBIN HarpeB 1o BCeMy 00beMy
IIKM. IlomydeHHble NaHHBIE PEKOMEHMYETCS HCIONB30BAaTh B PA3MYHBIX OTPACIAX, CBA3AHHBIX C IPOLECCOM CKICHUBAHUS U
repMeTH3aliy, Kak OJHOPOAHBIX, TaK U Pa3HOPOAHBIX MaTepHaloB, a Takxke nzaennit u3 IIKM.

K/IIOYEBBIE CJIOBA: BHyTpeHHEe HalpsDKEHHE, yCallka, CTPYKTypUpPOBAHHUE, IIOJE TOKOB BBICOKOM YacTOTHI, MOIMMEPHBIN
KOMIIO3UIIMOHHBINA MaTepua



